In the skin, complex cellular networks maintain barrier function and immune homeostasis. Tightly regulated multicellular cascades are required to initiate innate and adaptive immune responses. Innate immune cells, particularly DCs and mast cells, are central to these networks. Early studies evaluated the function of these cells in isolation, but recent studies clearly demonstrate that cutaneous DCs (dermal DCs and Langerhans cells) physically interact with neighboring cells and are receptive to activation signals from surrounding cells, such as mast cells. These interactions amplify immune activation. In this review, we discuss the known functions of cutaneous DC populations and mast cells and recent studies highlighting their roles within cellular networks that determine cutaneous immune responses.
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Introduction
In the skin, cellular networks maintain immune homeostasis and initiate protective innate and adaptive immune responses. DCs and mast cells are central within this network. Mast cells provide immediate innate immune signals to cells in the surrounding microenvironment. DCs, the most potent professional antigen-presenting cells, are essential for induction of adaptive immunity. However, the primary functions of DCs and mast cells are not achieved in isolation. Rather, initiation of innate and adaptive immune responses reflects intricate interactions between diverse cell types residing in the cutaneous microenvironment, including nonimmune cells such as keratinocytes and sensory nerve fibers.
The cells forming the immune barrier in the skin have long been investigated independently, but recent focus has shifted toward understanding how these cells interact in context with one another and how their interactions facilitate coordinated innate and adaptive immune responses. In this review, we describe recent findings illustrating the importance of cellular networks in the skin. We highlight discoveries defining the physical interactions between the highly specialized epidermal Langerhans cells and their neighboring keratinocytes in relationship to adaptive immunity. We then discuss cellular interactions in the dermis, with a focus on dermal DCs and mast cells. Last, we discuss recent findings investigating the impact of cellular interactions between DCs or mast cells and a new player in innate immune responses, sensory nerve fibers. Collectively, these studies support the view that cellular interactions are critical for initiation of innate immune responses and subsequent adaptive immune responses in the skin.
Interactions between Langerhans cells and keratinocytes
The skin is anatomically divided into epidermis and dermis in mice and into epidermis, dermis, and hypodermis in humans. Langerhans cells, the sole professional antigen-presenting cells of the epidermis, are embedded within the stratum of tightly linked keratinocytes. The primary function of keratinocytes is to form a physical barrier. Keratinocytes are also armed with an arsenal of danger-sensing receptors, including pathogen recognition receptors TLR1-6 and TLR9 (1) and Ca 2+ channels that detect perturbations in temperature, pressure, and osmotic regulation (2, 3) . Upon activation, keratinocytes initiate immune responses, releasing antimicrobial peptides (β-defensins, REG3A, S100A7, and S100A8; ref. 4); cytokines (IL-6, TNF, IL-1α, IL-33, IL-36, and thymic stromal lymphopoietin [TSLP]; refs. 5, 6); and alarmins (high-mobility group protein box 1 and ATP; refs. 7, 8) . Human, but not mouse keratinocytes, equipped with the NLRP1, NLRP3, and AIM2 inflammasomes, also cleave pro-IL-1β and pro-IL-18 into their active forms (9) . Collectively, keratinocyte-derived cytokines initiate the sensations of itch and pain (10-13) and shape the outcome of immune responses by affecting the activation and migration of skin-resident immune cells.
In the steady state, Langerhans cells are physically tethered to keratinocytes above the basal layer in the stratum spinosum. Epidermal retention of Langerhans cells requires TGF-β1 signaling (14) . Latent TGF-β1 expressed on Langerhans cells is cleaved by keratinocyte-expressed integrins α v β 6 or α v β 8 (15) , and keratinocyte-specific depletion of either α v β 6 or α v β 8 results in the loss of Langerhans cells in the epidermis (ref. 15 and Figure 1 ).
Langerhans cell maturation is promoted by pathogen-associated molecular patterns (16, 17) , fragments of the ECM protein hyaluronan, as well as endogenous alarmins and cytokines produced by nearby keratinocytes (5, (18) (19) (20) . Following activation, Langerhans cells extend dendrites through the tight junctions formed by keratinocytes in the stratum granulosum to acquire antigen. Langerhans cells, expressing the tight junction proteins claudin-1 and zonula occludens-1, form new tight junctions with keratinocytes (21) . This mechanism allows Langerhans cells to sample antigen throughout the epidermis while maintaining keratinocyte barrier integrity.
Activation-induced maturation causes epidermal Langerhans cells to migrate toward skin-draining lymph nodes (reviewed extensively in refs. 22, 23) . Migration of Langerhans cells is a multistep process involving sequential upregulation of CXCR4 and CCR7 chemokine receptors (24) . Migration from the epidermis appears to depend on the EpCAM, which mediates cell-cell contact via the tight junction protein claudin-7, a variant of CD44, or E-cadherin expressed on keratinocytes (ref. 25 and Figure 1 ). Langerhans cell-specific ablation of EpCAM increases Langerhans cell migration to skin-draining lymph nodes following topical application of the contact sensitizer 2,4,6-trinitrochlorobenzene, though this effect may be context dependent (26, 27) . Increased CXCR4 expression promotes Langerhans cell migration from the epidermis toward CXCL12 secreted by dermal fibroblasts (24) . As Langerhans cells arrive in the dermis and continue to mature, upregulation of CCR7 allows them to respond to CCL19 and CCL21 released by lymphatic endothelial cells and migrate through the lymphatics to draining lymph nodes (28) . Immature Langerhans cells may also migrate to the dermis in response to CCL2 and CCL5 secreted by dermal fibroblasts triggered by chemical irritants (29) . However, lack of CCR7 expression by immature Langerhans cells prevents subsequent migration to draining lymph nodes (29) . Migration of DCs from the skin also depends on controlled ECM degradation by MMP-9, MMP-2, and hyaluronidase expressed by DCs, keratinocytes, and other cells in the dermis, such as fibroblasts (30) (31) (32) .
A major function of Langerhans cells is the delivery of processed antigen acquired in the skin to T cells in the lymph node to initiate adaptive immune responses. The precise function of Langerhans cells in the development of adaptive immunity, however, is not fully understood. The function of Langerhans cells has been best interrogated using mouse models in which Langerhans cells are depleted (recently reviewed elsewhere in ref. 33) . For the contact hypersensitivity (CHS) model of allergic contact dermatitis, Langerhans cells are required only in the setting of very limited antigen density (14, (34) (35) (36) (37) . The bulk of the response is generated by cutaneous DC1s (cDC1s, classified in Table 1 ). During a Candida albicans infection, Langerhans cells are required for the development of protective Th17 responses and to reactivate skin-resident Th17 and Treg cells (38, 39) .
In the dermis: dermal DC and mast cells
Within the epidermis, regulation of Langerhans cell-keratinocyte junctions permits Langerhans cells to carry out their primary functions of antigen presentation and promoting T cell responses. Within the dermis, the primary functions of innate immune cells are more diversified. In the steady state, the ECM-rich dermis houses mast cells, innate lymphoid cells (ILCs), heterogeneous dermal DC populations, and migratory Langerhans cells (24, 29) . Contact-dependent and contact-independent communication among dermal DCs, dermal mast cells, and other cells in the surrounding microenvironment affect complex immune processes, including antigen delivery to innate effector cells, antigen presentation to T cells, and activation of neural circuits.
Dermal DCs. The primary function of dermal DCs, like that of their epidermal counterpart, Langerhans cells, is to deliver antigen to T cells. Several types of DCs have been identified within the skin and draining lymph nodes, and details regarding the phenotype, localization, and functional specialization of different DC subsets in mice and humans have been reviewed extensively (23, 33, 34, (40) (41) (42) . Conventional DCs are typically located more superficially than dermal macrophages, which reside predominantly in deeper perivascular regions of the dermis (43, 44) . Like Langerhans cells, dermal DCs acquire antigen within the skin and can present antigen both locally and in the skin-draining lymph nodes. Dermal DCs are grouped into multiple phenotypic categories with overlapping and distinct functions: cDC1s, cDC2s, DN DCs, and monocyte-derived DCs (ref. 23 and Table 1 ). The highest proportion of CD11b + dermal DCs express CD301b (45).
Genetic ablation strategies have been used to dissect the precise functions of dermal DC subsets in initiating adaptive immune responses. Transient depletion of CD301b + dermal DCs reduces Th2 responses to the parasite Nippostrongylus brasiliensis or to protein antigens delivered with Th2-polarizing adjuvants (45) (46) (47) and reduces IL-17 responses in murine models of either psoriasiform dermatitis or Streptococcus pyogenes intranasal infection (48, 49) . Studies evaluating mice constitutively or transiently deficient in the chemokine receptor XCR1 provide good insight into the general functions of dermal DCs in skin, although XCR1 is expressed in DCs in secondary lymphoid tissues and other peripheral tissues. Notably, inducible transient depletion of XCR1 + DCs impairs CD8 + T cell priming (50) and memory CD8 + T cell recall responses to secondary infection by intracellular pathogens (51) . Mice constitutively lacking XCR1 + DCs have reduced numbers of intestinal T cells, which is attributed to diminished survival signals from XCR1 + DCs (52). Although conventional dermal DCs efficiently activate T cells in both the skin and draining lymph nodes, monocyte-derived dermal DCs, which have inferior migratory ability and somewhat reduced T cell stimulatory capacity, are still able to activate tissue-resident memory T cells, Tregs, or recruited effectors in the skin (53) . Under various conditions (e.g., infection, allergen exposure), dermal DCs may recruit tis- sue-resident memory T cells from within the skin or central memory T cells from circulation by secreting chemokines, including CCL5, CCL18, CCL20, and CCL22 (54) (55) (56) (57) (58) . In response to allergen challenge, dermal macrophages produce CXCL2 to recruit DCs and T cells to form clusters in perivascular regions of the skin (59) . In all cases, the resulting clusters of DCs and T cells facilitate DC-mediated activation and proliferation of antigen-specific T cells in the skin.
In addition to locally activating T cells within the skin, dermal DCs carry acquired antigen to skin-draining lymph nodes, which primes naive and memory T cell responses. Following antigen uptake, CCR7 upregulation facilitates dermal DC migration to the draining lymph nodes (28, 60) in a manner similar to that described for Langerhans cells. Like Langerhans cells, dermal DCs enzymatically cleave a conduit through the ECM to reach the lymphatics, a process that appears to depend, in part, on interactions with dermal fibroblasts. In vitro coculture experiments show that ICAM-1 and Thy-1 expressed on cutaneous fibroblasts associate with β 2 integrin expressed on monocyte-derived DCs (61) . During prolonged contact maintained by these cellular adhesion receptors, fibroblasts provide maturation cues to dermal DCs (62, 63) . In particular, TNF-treated or IL-β-treated dermal fibroblasts induce expression of MMP9 by dermal DCs (61) . Studies investigating the relationship between fibroblasts and dermal DCs in the context of nickel allergy demonstrate that nickel causes dermal fibroblasts to secrete IL-1β and CCL20, which promote DC maturation and recruitment of CD8 + T cells for cross-priming, respectively (64) . Collectively, these interactions between dermal fibroblasts and DCs may remodel the ECM, allowing dermal DCs (and Langerhans cells) to travel through the dermis to the lymphatics to initiate T cell responses in skin-draining lymph nodes, as well as supporting local T cell activation in the skin.
Mast cells. Mast cell functions are diverse, including remodeling of tissue and activation of neighboring cells through the release of inflammatory mediators. As such, the distance between mast cells and their neighbors dictates the magnitude of the effects of mast cell activation. Like DCs, cutaneous mast cells are found in the superficial dermis near blood vessels (44) and nerves (65) . Mast cells are stimulated to secrete proinflammatory and Th2 cytokines, as well as amphiregulin (66) (75) . Released later than granules, these inflammatory mediators extend the duration of mast cell influence in the microenvironment. Mast cells are dynamic and have disparate functions in the skin. Releasing high levels of IL-4 and IL-13, mast cells are associated with atopy and Th2-skewed diseases (76, 77) . Mast cells can also participate in Th17 responses (77, 78) . In Th1-skewed immune responses, particularly in the murine models of CHS, mast cells have been shown to both exacerbate and mitigate immune responses (79) (80) (81) . To resolve this discrepancy, mast cell functions in CHS were recently reevaluated using multiple lines of mast cell-deficient mice and different protocols to induce CHS (82) . Mast cells suppressed the immune response in a chronic model of CHS whereas they were proinflammatory and increased immune sensitization using an acute CHS model (82) . Surprisingly, in chronic CHS, 40% of mast cells transcribed antiinflammatory cytokine IL-10 following sensitization, and specifically depleting IL-10 in mast cells enhanced CHS (82) . This important study resolved the seemingly conflicting results investigating the roles of mast cells in CHS, demonstrating that the roles of mast cells in complex cutaneous immune responses may differ based on the intensity of the reaction.
Mast cells are positioned to interact closely with fibroblasts. In a murine fibrosis model, heterotypic ICAM-1/integrin interactions tether fibroblasts to mast cells. In this model, keratinocyte-derived plasminogen activator inhibitor 1 enhances mast cell accumulation in the tissue and increases mast cell-fibroblast contact. Mast cells provide IL-4, IL-13, and fibroblast growth factors that promote fibroblast proliferation (83, 84) . Mast cell-derived histamine initiates collagen production from dermal fibroblasts (85) . While mast cells stimulate fibroblasts in the skin, dermal fibroblasts secrete retinoic acid-degrading enzymes, which block expression of the P2RX7 (a receptor for ATP) by mast cells, impeding ATP-initiated mast cell activation (86) . Thus, in some circumstances, interactions between dermal fibroblasts and mast cells have a net effect of homeostatic maintenance.
Mast cells have also been identified in apposition to rare tissue-resident ILC2s in human and mouse skin (87) . ILC2s are functionally similar to mast cells, with both cell types secreting IL-4, IL-5, IL-13, and amphiregulin following receptor-specific activation. Coordinated activation of mast cells and ILC2s may amplify protective antihelminth or damaging allergic inflammation. In the skin, ILC2s and mast cells physically associate through an as-yet-uncharacterized mechanism (87) . ILC2s that are adjacent to mast cells are positioned to receive mast cell-derived activation signals. Human and mouse ILC2s are activated by IL-25, TSLP, and IL-33, which are released primarily by keratinocytes (88-90) but also by mast cells (69) . In helminth infection in the gut, both mast cells and ILC2s accumulate, and IL-33, originating from ATP-stimulated mast cells, augments ILC2 activation (91) . In the skin, where expression of P2RX7 is suppressed on mast cells (86) , other mechanisms may regulate the ILC2/mast cell axis. For example, mast cell granules containing chymase and tryptase promote maturation of IL-33 (produced by mast cells or keratinocytes) into biologically active forms with enhanced potency. Compared with full-length IL-33, protease "edited" IL-33 more robustly expands ILC2 populations in vivo and activates ILC2s ex vivo (92) . Through such mechanisms, the effect of mast cells on ILC2 activation and the production of type 2 cytokines may be additive and perpetuate inflammation in the skin.
Interactions between mast cells and DCs in the skin
Across multiple tissues from human and mice, mast cells directly interact with dermal DCs (93) . IgE/antigen-activated mast cells maintain long-lasting contact with DCs via lymphocyte function-associated antigen 1 (LFA-1) and very late antigen 4 integrins (93) . Contact between mast cells and DCs causes cytoplasmic reorientation, directing mast cell granule and cytokine release toward DCs and allowing transfer of IgE-bound antigens from mast cells to DCs (Figure 2 ). Mast cell/DC interactions alter local cytokine and chemokine production differentially depending on whether direct contact occurs (93) . For example, in a contact-independent manner, mast cells cause DCs to reduce CCL2 and CCL3 secretion. Direct contact with mast cells prevents or delays this reduction. Coculture of bone marrow-derived DCs with peritoneal mast cells, but not mast cell-conditioned media, increased IFN-γ and IL-6 release, suggesting a contact-dependent effect (79) . Collectively, these studies highlight the involvement of both paracrine and contact-mediated signaling between these cells.
Notably, DCs modulate levels of membrane-bound TNF on the surface of mast cells. TNF, in turn, matures DC in a contact-dependent manner (81) . Similarly, peritoneal-derived mast cells mature DCs in vitro (79) . In the skin, mast cell-derived TNF has been shown to induce the migration of nearby dermal DCs to the skin-draining lymph nodes to prime T cells in models of allergic and irritant CHS (81, 94) . Mast cell-derived TNF also modulates DC populations distal to the skin. Selective depletion of TNF in cutaneous mast cells diminishes the capacity of lymphoid resident (CD8 + ) DCs to prime T cells in the skin-draining lymph nodes (95) . Through a mast cell intermediate, dermal DCs may regulate their own migratory path.
Soluble mast cell-derived factors are also involved in activation-induced migration of Langerhans cells. Langerhans cell migration, like that of dermal DCs, is induced by TNF and IL-1β (96, 97) . Langerhans cell migration in response to TLR2 or TLR7 ligands is dependent on TNF released from dermal mast cells (98, 99) . In the course of allergic inflammation, other factors released by mast cells, including histamine, may direct Langerhans cell migration. Both human and mouse Langerhans cells express functional histamine receptors (100) . In mouse models, FcεRI signaling in mast cells drives Langerhans cell migration to the skin-draining lymph node in a histamine-dependent manner (101) .
Antigen transfer and adaptive immune responses
In conventional models of DC function, antigen is acquired directly from pathogens in the peripheral tissue; however, there are many examples in which DCs obtain antigen through less conventional means. DCs may deputize innate immune cells, stromal cells, or other DCs for professional antigen presentation via transfer of antigen-MHC II complexes. Dermal DCs (102, 103) , lymph node-resident DCs (104-107), or lymph node stromal cells (108) can receive antigen-MHC II complexes from migrating Langerhans cells and dermal DCs. For example, Langerhans cells infected by herpes simplex virus in the epidermis migrate to the dermis, where they form clusters with dermal DCs, undergo apoptosis, and are phagocytosed by the dermal DCs, which then migrate to draining lymph nodes (102) . Similarly, migratory DCs can transfer antigen to more abundant lymph node-resident DCs (104) (105) (106) (107) .
A recent study demonstrated that cross-presentation of antigen from dying DCs and direct contact between DCs were not essential for antigen transfer but that LFA-1 expression on recipient DCs was required (104) . Because LFA-1 is a scavenging receptor for DC-derived exosomes, exosome-mediated transfer of antigen is likely a predominant mechanism of antigen transfer between these DC populations (104). Antigen transfer from skin DCs enhances adaptive immune responses by disseminating antigen from a broader repertoire of DCs and by transfer of antigen from virally infected DCs with compromised antigen-processing capacity to uninfected DCs.
Transfer of antigen-MHC II complexes from DCs to mast cells endows mast cells with antigen-presenting function. Recent studies have demonstrated direct transfer of MHC II from migratory DCs to mast cells (Figure 1) , as well as to basophils in the dermis (109, 110) . This process of MHC II-antigen transfer from DCs to mast cells occurs directly via immunological synapse-like contacts, a process known as trogocytosis. During skin inflammation (e.g., following topical application of hapten), mobile DCs form immune synapse-like contacts with stationary mast cells in the dermis, leading to transfer of plasma membrane (containing MHC II) from DCs to mast cells (110) . These "cross-dressed" mast cells induce T cell proliferation and skew T cells toward the Th1 pathway (109) . Through some combination of these contact-independent mechanisms and contact-dependent trogocytosis, skin-resident mast cells affect T cell responses in the skin-draining lymph nodes through a DC intermediate.
Mast cells may initiate T cell activation using DC-acquired MHC II or with endogenous MHC II. Classical studies have shown that IFN-γ stimulation increases MHC II on the surface of immortalized human mast cells (111) and on human mast cells differentiated from peripheral blood (112) . Moreover, it has recently been shown that IFN-γ-stimulated human skin-derived mast cells increase MHC II expression, acquire and process antigen, and induce T cell responses ex vivo (113) . In humans, the exact location of mast cell/T cell interactions is unknown. In mice, mast cell migration to the skin-draining lymph nodes has been observed in a CHS model (114) and following ultraviolet irradiation (115) . Mast cell function diverges in these models; in CHS, mast cells promote local inflammation and may promote T cell-mediated immunity in the lymph nodes. In ultraviolet radiation models, mast cells in the lymph node interact with B cells and diminish T cell responses. Collectively, these studies suggest that mast cells may act as antigen-presenting cells in the skin-draining lymph nodes.
Mast cells also reportedly transfer endocytosed antigen-IgE-FcεR1 complexes to DCs through the synapse-like contact (93) . DC recipients of mast cell-antigen-IgE complexes provide antigen-specific stimulation to T cells, resulting in T cell proliferation (93) . The direct effects of antigen-IgE transfer from mast cells on the T cell-polarizing capacity of DCs were not evaluated in this particular study; however, other studies investigating the effects of "mast cell conditioning" on DCs have shown conflicting results. In vitro, mast cell-released histamine inhibits IL-12 expression in human DCs, blocking subsequent Th1 polarization and licensing the DC to polarize T cells toward a Th2 response (116, 117) . However, DCs conditioned with mast cells have also been shown to skew T cells toward Th1 and Th17 phenotypes in vitro and in murine models of CHS and leishmaniasis (79, 81) . The discrepancies in the reported outcomes of mast cell-DC communication on T cell skewing may reflect context-dependent differences in activation stimuli and in mouse models.
Interactions with peripheral sensory nerve fibers
Sensory afferent neurons modulate the functions of DCs and mast cells in antigen presentation and induction of innate inflammation. Myelinated nerve bundles, supported by Schwann cells, traverse vertically through the dermis (reviewed in refs. 118, 119) . The nerve bundles lose their protective Schwann cells and terminate as either thinly myelinated Aδ or unmyelinated C-fibers in either the dermis or the epidermis. Nerve fibers react to physical or chemical stimuli, releasing neuropeptides and cytokines that modify the cutaneous microenvironment (65) .
Seminal work from Chui et al. (120, 121) demonstrated that sensory neurons are equipped to directly respond to bacterial infections in the skin and can serve as innate immune sensors. In addition, cutaneous afferents express receptors for many cytokines, such as TSLP, IL-4, IL-31, and IL-33 (11, 12, 122, 123) . Thus, sensory afferents are able to directly detect pathogens and local inflammation-induced mediators, resulting in the transduction of pain and itch sensations. Keratinocyte-mediated nociceptive responses have been directly observed through optogenetic activation of keratinocytes engineered to respond to light, thereby resulting in activation of selective subsets of sensory neurons (13) . Keratinocytes and other cellular sources of cytokines (mast cells, DCs, ILC2s) activate cutaneous afferents resulting in neuropeptide release into the microenvironment.
Both Langerhans cells and dermal DCs associate with nerve fibers in the skin (124, 125) . Depletion of Langerhans cells reduces the density of epidermal nerve fibers (126) , demonstrating the relationship between these cell types. This relationship is not unidirectional because neuropeptides communicate with Langerhans cells to alter induction of Th1, Th2, and Th17 responses (127) (128) (129) .
Dermal DCs are adjacent to sensory fibers in the skin (125) . In a recent study using the imiquimod model of psoriasis, blocking the activity of sensory nerve fibers inhibited IL-23 induction in dermal DCs and IL-17 production from dermal γδ T cells (125) . Building on this finding, Kashem et al. (38) specifically linked release of the neuropeptide calcitonin gene-related peptide (CGRP) from C. albicans-sensing TRPV1-expressing cutaneous afferents to the IL-23 release from CD301b + dermal DCs. Induction of IL-23, in turn, induced dermal γδ T cells to secrete IL-17A to control infection (38) . Collectively, sensory nerves orchestrate local innate immune responses in the skin by modulating DC function.
Mast cells form a physical synapse with unmyelinated C-fibers and are exquisitely poised for bidirectional communication with neurons in the skin (130) (131) (132) (133) . Mast cell-derived TNF and nerve growth factor (NGF) stimulate neuronal elongation (74, 134) ; mast cell-derived histamine interacts with pruriceptors on C-fibers to induce itch and substance P release (10) . Although in vitro studies suggest that CGRP has no effect on mast cells, classic in vivo studies using the 2,4-dinitrofluorobenezene CHS model suggest that CGRP inhibits mast cell function (135, 136) . Another neuropeptide, substance P, augments mast cell effector functions, acting through either the neurokinin-1 receptor or the members of the Mas-related GPCR family to amplify the mast cell response to IgE (137) (138) (139) . Substance P synergizes with IL-33 to activate mast cells, increasing VEGF release and TNF synthesis (140, 141) . Substance P alone induces mast cell degranulation (138, 142, 143) . Interestingly, human mast cells stimulated with substance P alone release only PGD 2 , PGE 2 , and VEGF but not proinflammatory cytokines, such as TNF and IL-13. Generally, substance P induces a less robust mast cell response when compared with that initiated by IgE (138) . Selective release of cytokines may limit immune responses and also cytokine-initiated neuronal sensations of itch or pain.
How nerves contact innate immune cells in the skin is insufficiently studied. Sensory nerve fibers are equipped with multiple immune adhesive molecules. In culture, dorsal root ganglion cells express ICAM-1 and vascular cellular adhesion molecule 1 when activated with NGF (144) . Notably, interactions between the immunoglobulin-like adhesion molecule nectin-3, which is expressed on neurons, and synaptic cellular adhesion molecule (SynCAM/Cadm1) expressed on a subset of mast cells have been reported (130, 131) . Nectin-3/SynCAM interactions facilitate the close relationship between mast cells and neurons. At the RNA level, expression of Cadm1 is higher in cutaneous mast cells, compared with the expression of those isolated from the oral mucosa (tongue), and Cadm1 expression is higher than other cellular adhesion molecule family members and higher than FceR1a expression in skin mast cells (145) , emphasizing the importance of this molecule in mast cell function. Though SynCAM expression has not been reported on cutaneous DCs, Langerhans cells also express Cadm1 mRNA, albeit at levels lower than that for Epcam and the TGF-β receptor subunits. These data suggest that Langerhans cells may be equipped with the molecules necessary to form a close physical association with sensory nerve fibers. Ultimately, adhesive junctions formed among DCs, mast cells, and sensory neurons may facilitate neuroimmune communication and, subsequently, alter the generation of protective innate immune responses in the skin.
Conclusions
There are many possibilities for future directions of research into cutaneous immune responses, along with some cautions to consider. A critical barrier in cutaneous research at this time is the lack of concordance between mouse skin-and human skin-bioinformatic studies; comparing human and mouse shows approximately 30% identity (146) . Numerous differences between murine and human immunology (reviewed in ref. 147 ) emphasize the importance of translational studies to confirm that murine studies extend to humans. The integration of humanized mouse models into cutaneous immunology may resolve the human skin versus mouse skin issue. Bryce et al. (148) recently characterized mast cells in a humanized-mouse model. This type of model system provides a tool for manipulating human cells and their interactions in the skin.
Our understanding of cutaneous immune responses and intercellular communication can be advanced by extrapolating findings in other barrier tissues (e.g., gut and lung). Similarly, novel mechanisms identified in the skin could also be extended -with experimental validation -to mucosal tissues. Identifying common and divergent pathways in skin and mucosal tissues may lead to broader application of existing therapeutics or development of new ones that target specific barrier tissues.
Overall, it seems useful to view the complex series of interactions between innate immune cells in the skin as akin to molecular signaling pathways. Targeting upstream interactions may exert broad influence over downstream outcomes, while targeting downstream interactions may have more limited or specific effects. Just as mapping a molecular signaling pathway reveals potential targets for pharmacological intervention, understanding the complex series of cellular interactions in the skin provides insight into potential targets for manipulation to either enhance or suppress immune responses.
